Background: Anti-angiogenic treatment failure is often attributed to drug resistance, unsuccessful drug delivery, and tumor heterogeneity. Recent studies have speculated that anti-angiogenic treatments may fail due to characteristics inherent to tumor-associated blood vessels. Tumor-associated blood vessels are phenotypically different from their normal counterparts, having defective or permeable endothelial monolayers, abnormal sprouts, and abnormal vessel hierarchy. Therefore, to predict the efficacy of anti-angiogenic therapies in an individual patient, in vitro models that mirror individual patient's tumor vascular biology and response to anti-angiogenic treatment are needed. Methods: We used a microfluidic in vitro organotypic model to create patient-specific biomimetic blood vessels from primary patient-specific tumor endothelial cells (TEnCs) and normal endothelial cells (NEnC). We assessed number of sprouts and vessel organization via microscopy imaging and image analysis. We characterized NEnC and TEnC vessel secretions via multiplex bead-based ELISA. Findings: Using this model, we found that TEnC vessels exhibited more angiogenic sprouts than NEnC vessels. We also found a more disorganized and gap-filled endothelial monolayer. NEnCs and TEnC vessels exhibited heterogeneous functional drug responses across the five patients screened, as described in the clinic. Interpretation: Our model recapitulated hallmarks of TEnCs and NEnCs found in vivo and captured the functional and structural differences between TEnC and NEnC vessels. This model enables a platform for therapeutic drug screening and assessing patient-specific responses with great potential to inform personalized medicine approaches.
Introduction
Renal cell carcinoma (RCC) is the third most common genitourinary malignancy in the US with~64,000 new cases and~14,000 deaths per year [1] and median survival is approximately two years for patients with metastatic disease [2] . A unique feature of RCC is the importance of tumor-associated vasculature [3] , which constitutes approximately 25% of the tumor volume, and thereby increases the supply of nutrients and driving tumor growth and metastasis. Consequently, some of the most utilized treatments for RCC are typically anti-angiogenics.
Although the inhibition of angiogenesis has been found to be effective against specific cancers, there are still challenges with determining a treatment plan for each patient. With a substantial number of approved antiangiogenic compounds, no single treatment has proven to be the optimal agent for all patients [4, 5] . Conversely, several trials have reported diverse and variable responses among tumors responding to different treatments. That is, while some patients' tumors responded to certain anti-angiogenic treatments resulting in reduced tumor microvessel density, other patients' tumors responded poorly or did not respond at all [6] . Anti-angiogenic treatment failure is often attributed to drug resistance, unsuccessful drug delivery, and tumor heterogeneity [7] . Recent studies have speculated that anti-angiogenic treatments may fail due to functional differences between normal and tumor-associated blood vessels, seldom recapitulated in vitro [8] .
Tumor blood vessels are phenotypically different from their normal counterparts. Tumor-associated endothelial cells (TEnCs), the main component of tumor blood vessels, can produce a defective endothelial monolayer, characterized by higher permeability, abnormal sprouts, abnormal vessel hierarchy, and genetic alterations, as compared to their normal counterparts (NEnCs) [9, 10] . Cancer-associated blood vessels have also been reported to be 'leaky', therefore allowing small molecules to move across the vessel walls readily, and thereby increasing responsiveness to exogenous factors such as VEGF and FGF [11] . Most of these findings have focused on identifying the abnormalities of the architecture of tumor blood vessels and their endothelial cells, compared to that of their normal counterparts. However, further elucidation of the functional differences between TEnCs and NEnCs, including differences in angiogenic activity and specific patient response to anti-angiogenic drugs, are critical to understanding why anti-angiogenic drug response is often unpredictable [12] . Therefore, in order to more precisely predict the efficacy of anti-angiogenic therapies in an individual patient, it is critical to have a pre-clinical model that captures these essential differences between TEnCs and NEnCs.
Human Umbilical Cord Vessel Endothelial Cells (HUVEC) have historically been used for angiogenesis research, often with hypoxic or growth factor conditioning to mimic TEnCs [11, 13] . However, it is long known that endothelial cells differ in morphology and function (i.e., proliferation, coagulation, chemotaxis) among different organs [14, 15] , as well as depending on vessel size [16] . HUVEC derive from a large "normal" vessel and are incapable of recapitulating patient-specific tumor heterogeneity [17] , therefore they may not be the best cell type to represent tumor-associated capillaries [18] . Alternatively, primary endothelial cells from human tissue explants, xenografts, and in vivo models have recently been introduced as essential sources to identify the genotypic and phenotypic differences between TEnCs and NEnCs [16, [19] [20] [21] . Human tissue explants may be as close as we can get to the in vivo conditions in vitro, but these are often difficult to obtain and available in limited quantity.
Additionally, we and others have demonstrated the advantages of microfluidic devices to recreate luminal geometries and structures to study angiogenic migration and sprouting over traditional 2D platforms, such as Petri Dishes, Transwells or Matrigel hydrogels for tube formation assays [22, 23] . Mounting evidence highlights differences between cell behavior in 2D and 3D platforms (e.g., the different distribution of mechanical cues affects the migration process, secretion changes), which makes 3D platforms closer to a physiological setting, and therefore recapitulate in vivo conditions better [24, 25] .
Finally, spheroids, a popular 3D in vitro model, suffer from welldocumented and recurring limitations in reproducibility and imaging [18, 26] . Considering these limitations, the use of 3D microfluidic platforms to mimic tubular lumens constitutes constitutes a highly customizable alternative to traditional in vitro platforms [27] , capable of longterm experiments to recapitulate angiogenesis and vascularization processes in a kidney cancer model [17, 19, 28] .
Therefore, we report the generation of an organotypic in vitro vessel model with primary endothelial cells that recapitulate the in vivo structure of blood vessels and mimic intravenous drug delivery to the endothelial cells. To this end, we used LumeNEXT, a method to create biomimetic blood vessels [22] using primary endothelial cells from RCC patients. The angiogenic capabilities of TEnC and NEnC have been demonstrated in the LumeNEXT model, along with the mimicry of classical hallmarks of in vivo TEnC and NEnC vessels; such as an irregular non-confluent endothelial monolayer and higher pro-angiogenic factor secretion. Finally, the functional response of TEnCs and NEnC vessels to two anti-angiogenic agents (i.e., Pazopanib and Sunitinib) was assessed. To our knowledge, this is the first time that the capacity of primary endothelial cells to preserve their in vivo features has been leveraged in a microfluidic in vitro model to inform personalized medicine. In summary, this in vitro biomimetic model demonstrates the functional and structural differences of TEnCs and NEnCs and provides a platform to assess therapeutic drug screening and patient-specific response.
Materials and methods

Microdevice design and fabrication
Microdevice fabrication is described in more detail in [22] . Briefly, the microfluidic master was fabricated using SU-8 based lithography. Next, the two-layer PDMS microdevices were fabricated using the SU-8 template. The devices were treated with oxygen plasma and bonded to a 60 mm glass bottom Petri dish (MatTek, P50GC-1.5-14-F) and finally sterilized by UV exposure for 15 min before cell culture. The final microdevice comprised a central microchamber to inject a 3D hydrogel and a 340 μm-diameter PDMS rod.
Microdevice setup for lumen seeding
LumeNEXT microdevices [22] (fabrication details in SI) were treated 10 min with 1% poly(ethyleneimine) (Sigma-Aldrich, 03880) in water and with 0•1% glutaraldehyde (Sigma-Aldrich, G6257) in water for 30 min to enhance hydrogel attachment to the PDMS. Devices were washed at least three times with water and thoroughly dried before hydrogel injection. Briefly, Type I rat tail collagen hydrogels were prepared at 6 mg/ml in ice to prevent premature gelation. Using a chilled tip, a mixture of 80 μl of collagen type I (10 mg/ml, BD Biosciences, 354,249); 3•5 μl NaOH 0.5 M (Fisher Scientific, S318); 10 μl PBS 10× (Fisher Scientific, BP3991) and 34 μl of PBS was prepared and incubated on ice for 20 min. The pH was then checked with colorimetric strips (Capitol Scientific, PH1170-7). Provided the pH of the mixture be approximately 7•4, the mixture was injected into the LumeNext device,
Research in context
Evidence before this study Anti-angiogenic drugs are a major frontline therapy against renal cell carcinoma. However, responses to anti-angiogenic therapies are highly variable, and some patients respond poorly to these drugs. To date, there are few reliable biomarkers to guide clinical decision-making. Hence, there is a clear need for predictive in vitro models that can recapitulate drug response for a personalized medicine approach.
Added value of this study
Here we present an in vitro lumen model with primary patientspecific endothelial cells, both from tumor and normal tissue. To our knowledge, this is the first report of a microfluidic model capable of recapitulating hallmarks of the tumor and normal vessels has been reported and validated patient-specific screening of antiangiogenic drugs.
Implications of all the available evidence
This model can bring us closer to an in vitro personalized medicine approach against renal cell carcinoma and holds great potential for improving clinical decision-making for the treatment of this disease.
and polymerized for 5-10 min at room temperature, followed by 20 min at 37°C. Afterward, the PDMS rods were pulled out of the polymerized collagen gel from the output port resulting in a lumen structure in the collagen gel.
Cell culture and isolation
Primary endothelial cells were grown in Minimum Essential Medium (MEM) with L-Glutamine, supplemented with 10% of FBS (Corning, 45000-734), 1% of Penicillin/Streptomycin (Gibco, 15140-122), 1% of MEM vitamin mixture 100× (Lonza, 13-607C), 0.5% of ITS (Roche, 11074547001)) Sodium Pyruvate 1 mM (Lonza, 13-115E), 100 μM of MEM NEEA (ThermoFisher, 11140-050), 0•4 μg/ml of Hydrocortisone (VWR, 101095-150), 5 ng/ml hEGF (Thermo-Fisher Scientific, PHG0311).
The research protocol to obtain tumor and normal adjacent tissue following surgery at the University of Wisconsin Hospital (Madison, WI) was approved by the Institutional Review Board (2011-0719). Informed consent was obtained prior to surgery from patients to use residual tissue. RCC diagnosis was confirmed by a pathologist for all patients. Collected tumor or normal tissue samples (ca. 3 cm 3 ) were finely minced with sterile scalpel blades and digested in a mixture of MEM (Corning, 10-010-CV), 5 mg/ml of collagenase (Thermo-Fisher 17100017), 5 mg/ml of hyaluronidase (Sigma, H3506), 1 mg/ml of DNase I (Roche, 04716728001), and 1% Penicillin-streptomycin for 4 h at 5% CO 2 , they were washed with PBS (Fisher BioReagents, BP3991, diluted 1:10 with distilled water) trypsinized with 1 ml of 0·025% trypsin-EDTA (Gibco, R001100) for 5 min. Trypsin was neutralized with 5 ml of growth media and the cell suspension was centrifuged at 0·3g for 5 min. Finally, neutralized trypsin was aspirated, and cells were resuspended at the desired concentration.
Verification of endothelial phenotype via qPCR
RNAs were extracted from cells seeded in a confluent 60-mm culture dish. RNA was extracted by using Nucleospin RNA kit (Macherey-Nagel, PA). The lysis step was performed to harvested cells according to the manufacturer's instructions, and the resulting suspension was stored at −80°C for later RNA extraction. Once extracted as directed, RNA concentration was quantified using Nanodrop. 1 μg of RNA was used for the retrotranscription, which was performed using GoScript™ Reverse Transcriptase (Promega, A5001), according to the manufacturer's instructions.
Custom qPCR primers (Biorad) were used for the genes presented in Supplementary Table 1 , where primers are also detailed. Primers were resuspended at a 10× concentration (10 μM) in Nuclease-free water according to the manufacturer's instructions and stored at −20°C until use. Screened and reference (housekeeping) genes, along with their forward and reverse primers, are detailed in Supplementary Table S1 . SsoAdvanced™ Universal SYBR® Green Supermix (Biorad, 1,725,018) was used to perform the qPCR reactions in a Biorad CFX96 Real-Time System according to the manufacturer's instructions to a final qPCR volume of 10 μl. GAPDH was used for normalization of the data. All reactions were performed in triplicate, in three independent experiments and all reaction efficiencies of the primer/probe sets were close to 100%. Target gene expression was normalized using the geometric mean of the mentioned reference gene. Relative gene expression fold changes were determined between the time points of 24 and 72 h using the 2 −ΔΔCt method. In the case of CD31 and CD146, fold changes were calculated in comparison to epithelial cells from the same patient, whereas TEM1,7,9 were calculated in TEnC and normalized to NEnC.
Cell seeding in lumens
Primary endothelial cells were utilized for experiments at passage two and three, to avoid senescence observed after these passages. Each lumen was loaded with 2 μl of a cell suspension at 50,000 cells/ μl. The devices were then incubated for 45 min at 37°C to allow for cell attachment. After that, lumens were washed three times with 10 μl of growth media to remove excess cells. Media was refreshed every 24 h and conditioned media was collected for multiplex bead-based ELISA quantification.
qPCR characterization of lumens
NEnC and TEnC-lined lumens were cultured for three days. 2 lm per condition were pooled and mRNA was extracted using a Dynabeads™ mRNA DIRECT™ Purification Kit (Thermo Fisher, 61,011) according to manufacturer's instructions. mRNA was reverse transcribed to cDNA using the RT2 First strand kit (Qiagen, 330,401) and cDNA was analyzed by qPCR using a Qiagen RT2 profiler panel (Qiagen, PAHS-024ZA) in a Roche 96-384 thermal cycler. Data was analyzed using the Qiagen online software (http://pcrdataanalysis.sabiosciences.com/pcr/ arrayanalysis.php) using the 5 reference (housekeeping) genes provided for normalization.
Analysis of secreted factors
Multiplexed protein secretion analysis was performed on both normal and tumor-associated endothelial cells using the Bead-Based ELISA system MAGPIX (Luminex Corp.) with the MilliPlex angiogenesis panel (Millipore, HAGP1MAG-12K) as described elsewhere [29] . Briefly, conditioned media was retrieved from lumens daily, along with maintenance media from empty lumen devices as an internal control. Sample preparation and detection was performed according to the manufacturer's instructions.
To compare the secretion profile of lumens with other cell culture setups, we quantified pro-angiogenic secreted factors in four different platforms for P22 using NEnC and TEnC: lumen, 2D on a petri dish, 2D on top of a collagen hydrogel (6 mg/ml) and embedded in 3D in a collagen hydrogel (6 mg/ml). The procedure for this assay is described in detail in our previous work [25] . In particular, the media/cell ratio was kept constant to account for scale differences in the cell culture setups.
Data were collected with xPonent software (Luminex), and soluble factor concentrations in media were calculated using mean fluorescence intensities.
Monocyte isolation and seeding for immunofluorescence
Glass-bottom 24 well plates (Mattek, P24G-1.0-13-F) destined to seed monocytes were coated with Poly-L-Lysine (PLL, Millipore-Sigma, P7280) under sterile conditions and according to manufacturer's instructions. Briefly, 150 μl of a 100 μg/ml PLL solution was added on top of each well using endotoxin-free pipette tips and incubated for 30 min at room temperature. Next, PLL was aspirated and washed three times with cell culture grade water (Hyclone, SH3052901). PLLcoated surfaces were left to dry at room temperature for 1 h in sterile conditions.
Control monocytes were purified from whole blood using the Miltenyi Biotec MACSxpress Neutrophil Isolation Kit according to the manufacturer's instructions (Miltenyi Biotec, #130-104-434) and residual red blood cells were lysed using MACSxpress Erythrocyte Depletion Kit (Miltenyi Biotec, #130-098-196). All donors were healthy and exempt of informed consent according to the institutional review board (IRB 2016-0934). Monocytes were resuspended in attachment media (Promocell, C-28051) and seeded at a density of 7.5·104 cell/ cm2 on the PLL-coated glass-bottom wells. After 45 min, monocytes had attached and media was changed to RPMI (ThermoFisher, 11875-093) with 10% FBS and 1% penicillin/streptomycin.
Immunofluorescence staining in 2D
Primary cells grown on a glass-bottom well plate were fixed after two days of culture by incubating with 4% paraformaldehyde (EMScience, 15,700) in PBS for 12 min. Unless specified otherwise, all the steps were performed at room temperature. Cells were washed three times with 0•1% Tween in PBS for 5 min between every step. Cells were permeabilized with 0•2% Triton® X-100 (MP Biomedicals, 807,426) for 20 min and blocked with 3% Bovine Serum Albumin (BSA) (Sigma-Aldrich, A9056) in PBS for 1 h at 4°C. Cells were incubated with anti-human CD31 (Abcam, ab9498), anti-human CD68 (Abcam, ab213363), Cells were then stained with 4 μg/ml AlexaFluor 488 goat antimouse (Thermo-Fisher,A-11029), 4 μg/ml AlexaFluor 647 goat antirabbit (Thermo-Fisher, A-32733),1:50 Texas Red®-X Phalloidin (5 units) (Life Technologies, T7471) or PE-conjugated Anti-EpCAM [VU-1D9] (Abcam, ab112068) and 50 μg/ml DAPI (Life Technologies, D1306) in 3% BSA overnight at 4°C.
Immunofluorescence staining in lumens
Cell-lined lumens were fixed after four days of culture by perfusing 4% paraformaldehyde in PBS through the lumen and incubating for 30 min. Lumens were washed three times with 0•1% Tween in PBS for 30 min between every step. Cells were then permeabilized with 0•2% Triton® X-100 for 30 min and blocked with 3% BSA in PBS overnight at 4°C. Cells were incubated with human anti-VEcadherin (R&D, MAB9381) at 0·5 μg/ml overnight at 4°C. Cells were then stained with 1:50 Texas Red®-X Phalloidin (5 units), 4 μg/ml AlexaFluor 488 goat anti-mouse and 50 μg/ml DAPI in 3% BSA overnight at 4°C. Finally, the lumens were washed to remove excess staining and minimize background.
Drug testing in the lumen models
The biomimetic blood vessels were treated with three different concentrations (10 nM, 500 nM, 1 μM) of the anti-angiogenic drugs Pazopanib (Votrient®, Novartis) and Sunitinib (Sutent®, Pfizer). Both drugs were diluted in Dimethyl Sulfoxide (DMSO, D4540, SigmaAldrich, St. Louis, MO) to a stock concentration of 10 mM and stored at −80°C. Drug stocks were diluted in relevant media to the concentrations mentioned above. 10 μl of each drug solution was supplemented to lumens every 24 h. Control vessels were treated with DMSO vehicle (0.1%). Imaging and image analysis are detailed in SI.
Imaging
Brightfield images were acquired on an inverted microscope (IX81, Olympus) using Slidebook 5.0 imaging system (Intelligent Imaging Innovations (3i), Inc.). F-actin and collagen fibers were imaged by using multiphoton laser scanning microscopy (with s second harmonic filter for collagen) and Second Harmonic Generation (SHG) imaging on an optical workstation constructed around a Nikon Eclipse TE300. A MaiTai Deepsee Ti: sapphire laser (Spectra-Physics) excitation source tuned to 890 nm was utilized to generate both multiphoton excitation and SHG. The beam was focused onto the sample with a Nikon 20× Super Fluor air-immersion lens (numerical aperture (NA) = 1•2). All SHG imaging was detected from the back-scattered SHG signal with a H7422 GaAsP photomultiplier detector (Hamamatsu, Bridgewater, NJ), and the presence of collagen was confirmed by filtering the emission signal with a 445 nm (narrow-band pass) filter (TFI Technologies) to isolate the SHG signal. WiscScan (Laboratory for Optical and Computational Instrumentation, University of Wisconsin-Madison, WI) was used for data acquisition.
Image analysis
For image analysis, regions of interest of the same size were analyzed from each image. Image analysis of lumen confluency was performed using Fiji [30] . For the calculation of the anisotropy index, the macro Fibriltool [31] was employed, and an anisotropy index ranging from 0 (purely isotropic, i.e., random organization) to 1 (perfect fiber orientation, i.e., purely anisotropic) was extracted.
Curvealign 4.0 (Laboratory for Optical and Computational Instrumentation, University of Wisconsin-Madison, WI) was utilized to calculate the orientation of individual fibers [32] .
Statistical analysis
All the experiments were repeated at least three times as independent biological repeats. All results are presented as the mean ± standard error of the mean. Data were analyzed using GraphPad Prism v7. Statistical significance was set at p b 0•05. Normal distribution was assessed by the Shapiro-Wilk test. One-to-one comparisons were performed with a Student's t-test with Welch's correction, after passing the Shapiro-Wilk normality test. Histograms depicting distributions of actin fiber orientation were compared via the Kolmogorov-Smirnov test, additionally to a Student's t-test with Welch's correction to compare the means of the distributions. Multiple comparisons by ANOVA were corrected using the Holm-Sidak test. Where the assumptions of one-way ANOVA were violated, the non-parametric Kruskal-Wallis test was performed followed by Dunn's multiple comparison tests.
Results
Development of a patient-specific microfluidic kidney endothelial lumen model
We report an organotypic patient-specific blood vessel model, employing both normal (NEnC) and tumor-associated patient-derived endothelial cells (TEnC) for anti-angiogenic drug testing of tyrosine kinase inhibitors in a 3D microenvironment. To this end, primary cells were isolated from normal and tumor tissue of renal cell carcinoma patients (Fig. 1a-b , histologic subtype and clinical information in Supplementary Table S1 ). After tissue digestion and mechanical dissociation, endothelial cells from both normal and tumor tissue suspensions were isolated using anti-CD31-conjugated magnetic microbead separation columns (Fig. 1c) . CD31 + cells captured in the column were recovered and cultured in vitro until confluent. Although modification of cell phenotype could occur as a consequence of 2D cell culture, this step was necessary to isolate enough cells for the downstream experiments. To corroborate the endothelial lineage of the isolated cells, RT-qPCR was performed on the cultured cells' mRNA to evaluate the expression of endothelial cell markers (CD31 and CD146) and Tumor-associated Endothelial cell Markers (TEM1 and 7) (Fig. S1 ). CD31 + cells isolated from normal tissue expressed a lower amount of TEM markers and were considered NEnCs. Conversely, CD31 + cells isolated from tumor tissue expressed higher TEM markers and were considered TEnCs. Although the specific TEM marker profile is specific to each patient, their expression was in all cases much lower in NEnC than in TEnC within the same patient.
We also chose to confirm the lineage of our cells and rule out a significant presence of other contaminating cell types by means of immunofluorescence staining (Supplementary Fig. S2 ). Particularly, we aimed to exclude the presence of renal epithelial cells (i.e. the most abundant cell type in the studied tissue, CD31 − ) using Epcam as marker [33] .
We also performed a CD31 + staining for our NEnC and TEnC and quantified positive cells to Epcam or CD31 using Hoechst as an internal control.
On the other hand, from all other CD31 + cells that be present in the tissue and invade our NEnC/TEnC culture, monocytes or macrophages are the only ones that can adhere and be cultured without specialty media. Other cell types (e.g., platelets) would be washed over the course of 10-14 days that cells take to adhere, expand and colonize the culture flasks. We chose to perform a CD68 (i.e., a canonical marker for neutrophils/macrophages [34] ) staining on our NEnC and TEnC populations to exclude the presence of immune cells. Additionally, we used primary monocytes and the autologous CD31 − fraction of our primary endothelial cells as positive controls for our anti-CD68 and anti-Epcam antibodies, respectively. NEnC and TEnC preparations showed larger cells with different morphology than epithelial cells and primary monocytes. In the latter case, the difference in size was notorious, indicating that our cell preparations do not contain any immune cell contamination. This is confirmed with the CD68 staining, which was negative in all other cell types, but appears clearly in the positive control (primary monocytes). We also quantified CD31 + cells in TEnC and NEnC preparations using Hoechst as an internal control and found that over 98% of the tested cells (n = at least 500 cells in different fields of view) were CD31 + . Finally, we assessed the expression of Epcam in NEnC and TEnC. Our positive control showed a clear but inhomogeneous stain for this protein, which is common in primary cell samples. Only a few cells in our NEnC preparations were mildly positive for Epcam: 2.18 ± 0.346% for TEnC and 2.782 ± 0.527% for NENC. This indicates that over 97% of the cells in our NEnC and TEnC preparations are endothelial cells at passage 3. Interestingly, our isotype control was very clean, indicating that our immunofluorescence procedure was robust.
Following positive identification, both normal and tumor endothelial cells were seeded in a LumeNEXT system (Fig. 1d-i) to create patient-specific organotypic blood vessels in vitro. A sample image of a 3D-reconstruction of a phalloidin-stained lumen can be found in Fig. 1d -ii, and sample images before and after treatment can be found in Fig. 1d-iii and iv, respectively. Even though the use of tumor-specific ECM would be ideal, the primary cell isolation process requires the complete digestion of the tissue to release cells, hence destroying the ECM around them. Considering these circumstances, it is unlikely that using tumor-specific ECM is an option in the short term. Further, high heterogeneity in ECM composition has been reported among different patients of renal cell carcinoma. However, these tumors are generally cell-dense and present minimal ECM, which is mostly composed of collagen [35] . Hence, we decided to use rat tail collagen type I [36] , which is a popular matrix for the development of organotypic models, easy to use and with lower batch-tobatch variations than commercial protein mixtures (e.g., Matrigel) [37] .
Next, the pro-angiogenic potential of primary patient-specific NEnC and TEnC was evaluated in the organotypic lumen model for eight different patients. To this end, both primary cell types were cultured in LumeNEXT to generate lumen structures (representative image of NEnC stained with phalloidin, with orthogonal views is shown in Supplementary Fig. S5 and Video S1). Endothelial sprouts can be seen invading the collagen matrix in Fig. 1e in the case of TEnC lumens, whereas NEnC lumens maintain a straight alignment to the collagen interface. This behavior can be observed in Fig. 1e for patients P31 and P38. The number of sprouts per vessel was quantified for each of the eight assessed patients both in TEnC and in NEnC. Despite high interpatient heterogeneity, on average TEnC vessels presented 6•38-fold more sprouts than their NEnC counterparts. These results proved statistically significantly different, as assessed with an unpaired t-test with Welch's correction (***p = 0•0004). When compared within each patient, TEnC lumens presented a significantly higher number of sprouts in all patients (****p b 0•0001, except for p34, which was **p = 0•0049). Increased sprouting and invasion of TEnC as compared to NEnC are consistent with phenotypical differences reported in vivo between normal and tumor-associated vessels [10, 12] .
We also quantified the area occupied by the sprouts on both sides of the lumen and normalized the areas to account for inter-lumen sprout variability ( Supplementary Fig. S2B ). The results show no significant directionality of sprouts across the different lumens. Finally, we assessed sprout homogeneity along the axis of the lumen. To this end, we defined three Regions of Interest (top, center, bottom, (Supplementary Fig. S2A ) in lumens and quantified the area occupied by sprouts ( Supplementary  Fig. S2C ). Areas were within each lumen to account for inter-lumen heterogeneity. Results indicate that differences in area among the three regions are not significant.
Integrity of normal and tumor-associated kidney endothelial cell lumens
An abnormal phenotype has been previously described for tumorassociated blood vessels, including a defective endothelial monolayer, excessive sprouting, and intercellular gaps [38] . These expected features for normal and tumor vessels are illustrated in the schemes shown in Fig. 2a and b , respectively. Therefore, we investigated whether our model recapitulated these distinctive features of normal and tumor vessels, through inspection of F-actin (phalloidin-stained) microscopy images in our vessels. Samples of NEnC and TEnC images can be found in Fig. 2c and d , respectively. At first sight, it can be appreciated how the NEnC vessel presents higher integrity, alignment and a lack of sprouts, unlike the TEnC vessel.
To provide a quantitative analysis of these observations, we first assessed the presence of gaps in the endothelium, also called lumen confluency, through quantification of the surface area of the lumens occupied by phalloidin staining (Fig. 2e) . Lumen confluency was 95•81 ± 0•5345% for NEnC and 74•19 ± 3•717% for TEnC. This difference was found statistically significant (**p = 0•010) through Student's t-test with Welch correction (Samples passed Shapiro-Wilk normality test).
Next, we determined the anisotropy index with ImageJ Macro Fibriltool [31] (Fig. 2f) . This index can be utilized as a measurement of endothelium organization and homogeneity. NEnC lumens produced an anisotropy index of 0•2001 ± 0•03437, significantly more anisotropic than TEnC lumens. The latter yielded an index of 0•09544 ± 0•0306 (*p = 0•0489), indicating that the F-actin fibers of NEnC are significantly more organized than those of TEnC, which is consistent with Fig. 2c-d .
A lower expression of VE-cadherin is known to occur in TEnC vessels as compared to NEnC [10] . To explore this issue, we performed a VEcadherin stain, accompanied by Phalloidin and Hoechst staining (Supplementary Fig. S5 ). We used multiphoton microscopy to reinforce the integrity study of the vessels in our system. Results showed that, whereas the NEnC endothelium was continuous and was covered in all its surface by F-actin or VE-cadherin, large gaps were noticeable in TEnC vessels. Likewise, there was a lower intensity of VE-cadherin in TEnC vessels as compared to NEnC vessels, overall indicating that VEcadherin has a lower protein expression in TEnC vessels, consistent with previous literature [39] .
Finally, we investigated the organization of the F-actin fibers further via CurveAlign [32] analysis, a software capable of determining the angle of orientation of fibrils in a region of interest. For this measurement, we extracted regions of interest parallel to the lumen, and the software calculated the orientation of fibers in relation to the main axis of the lumens. These measurements were extracted both for NEnC and TEnC and are presented in histogram form in Fig. 2g and h, respectively. The distributions look slightly different, with maxima of 39•13% and 26•96% of the fibers oriented in the same direction for NEnC and TEnC, respectively. On average, NEnC actin fibers are oriented at an angle of 86•60 ± 1•10°, whereas the maximum of the histogram in TEnC actin fibers is oriented at 79•93 ± 1•83°. This slight difference in orientation was not found to be statistically significant (p = 0•6560, through Student's t-test with Welch correction). However, through Kolmogorov-Smirnov test, which is normally utilized to determine if two distributions are different, they were found to be very significantly different from one another, indicating that TEnC F-actin fibers are far less aligned than those of NEnC, as described in the literature. Overall, the results shown in Fig. 2 indicate that while many of the TEnC actin fibers are oriented parallel to the lumen lining, a significant proportion of them is oriented to other directions, generating a more disorganized and porous structure than in their normal counterparts. These observations are consistent with previously described differences between NEnC and TEnC [10, 12] .
TEnC lumens express and secrete higher concentrations of proangiogenic molecules
After studying morphological differences between NEnC and TEnC lumens we focused on studying differences in lumen protein secretion that might justify the differences in morphology. To this end, we seeded NEnC and TEnC lumens and collected conditioned media on days 3 and 4 after cell seeding (Fig. 3a) . We then measured the secretion levels of a panel of growth factors and inflammatory mediators with a multiplex magnetic bead-based immunoassay (i.e., Luminex MAGPIX) (Fig. 3b-c) , for two different patients, namely patient 22 and patient 28.
In the case of patient 22, all factors were within a detectable range, and significant differences are observed in the secretion of FGF-2 (8-fold increase), VEGF-A (1•47-fold increase), and Endothelin 1•51-fold decrease) of TEnC as compared to NEnC. These three factors are essential pro-angiogenic mediators.
In contrast, in patient 28, FGF-1 and VEGF-D were not detected, and significant differences are limited to a VEGF-C increase of 2•39-fold in TEnC as compared to NEnC. Both profiles (i.e., increased VEGF and/or increased FGF) are consistent with an increase to the sprouting of TEnC vessels, as compared to NEnC vessels [40, 41] .
To elaborate on the differences between 2D and 3D cell culture platforms for primary endothelial cells, we performed an additional Luminex MAGPIX assay (Supplementary Fig. S4 ). In this assay, we quantified pro-angiogenic secreted factors in four different platforms for P22 using NEnC and TEnC: lumen, 2D on a petri dish, 2D on top of a collagen hydrogel and embedded in 3D in a collagen hydrogel. We have chosen to present the data for VEGFA due to its importance in the angiogenesis cascade. Results indicate that the only significant difference between NEnC and TEnC is detected in lumens (***p b •001). Likewise, the production of VEGFA was significantly higher in NEnC and TEnC lumens than any of the other conditions (***p b •001).
We also performed a comparison of the expression of mRNA transcripts related to the VEGF cascade and cell adhesion and motility, such as VEGF-A, VEGF-C, MMP-2 and 14, KDR, NRP1 and 2 and CDH5 (Fig. 3d) . We tested p51 NEnC and TEnC lumens and calculated the fold change of expression of TEnC over NEnC. Overall, we found a trend of overexpression of pro-angiogenic molecules. Particularly, we found a significant increase in expression of VEGF-C, consistent with our MAGPIX findings. We also found a significant increase in MMP2 and 14, consistent with the increased sprouting observed in TEnC lumens as compared with NEnC lumens. Likewise, we observed a significant decrease in the expression of CDH5 (VE-cadherin). This difference was found to be statistically significant (p = •0202) which is consistent with the loss of VE-cadherin expression in angiogenic processes [39] .
We also observed a trend of increase in certain pro-angiogenic genes, such as EGF, VEGF-A and B, as well as of angiogenic receptors, such as KDR, NPR1 and 2. However, these trends were not significant, and further studies would need to be performed on this regard to elucidate the role of this molecules in the angiogenic cascade in our system.
Evaluation of individual tumor vessel model responses to common antiangiogenic therapies
Finally, we evaluated our organotypic TEnC lumen model to inform personalized medicine treatment decisions by assessing drug response for two popular anti-angiogenic drugs used for mRCC: Pazopanib and Sunitinib. Sunitinib is a small molecule that inhibits multiple receptor tyrosine kinases, including platelet-derived growth factor receptors (PDGFRα and PDGFRβ) and vascular endothelial growth factor receptors (VEGFR1, VEGFR2 and VEGFR3) [42] . On the other hand, Pazopanib is a second-generation multitargeted tyrosine kinase inhibitor that shares primary targets with Sunitinib [43] . Only clear cell renal cell carcinoma patient samples were used for this study, to allow meaningful comparisons (Supplementary Table S1 ).
Both drugs were used at 1 μM and compared to vehicle control (DMSO). We selected this concentration because it is in the range of concentrations found in human plasma for Pazopanib and Sunitinib [43, 44] .
Overall, our results showed a variety of responses for these tests in the organotypic TEnC lumen model (results shown as raw number of sprouts are shown in Supplementary fig. S8 ). For patient 22, treatment with Pazopanib generated sprouting comparable to that of the vehicle control (Fig. 4a) , whereas treatment with Sunitinib inhibited the generation of sprouts after 48 h of treatment (Fig. 4b) . These results illustrate the potential of this model to recapitulate distinct patient responses to different anti-angiogenic drugs.
Next, lumens from the NEnCs and TEnCs of five different patients were assayed for their response to Sunitinib and Pazopanib ( Fig. 4c  and d ) and compared to vehicle-treated lumens. Interestingly, only TEnC lumens showed an anti-angiogenic response to either Sunitinib or Pazopanib, indicated by negative values (i.e., more sprouts in the vehicle than in the drug-treated organotypic lumens). The fact that NEnC lumens did not respond to anti-angiogenic treatments is consistent with the smaller sprouting potential (and consequently fewer sprouts generated) of NEnC as compared to TEnC, as we showed in Fig. 2 , that could mask anti-angiogenic effects. However, some NEnC vessels showed a higher sprouting rate when treated with a particular anti-angiogenic (Fig. 4c , P22 **p = 0•0072; P39 **p = 0•0429; P41 **0•013), whereas others showed no significant changes (P31 and 38). This behavior further illustrates the capacity of our model to mimic the variety of responses that are observed clinically for anti-angiogenic drugs and is consistent with the generation of resistance to these drugs that have been reported in the literature [45] [46] [47] .
We also compared drug responses between NEnC and TEnC within the same patient (Supplementary fig. S7 ). Results show that responses for P22 treated with Sunitinib (***p b •001), P31 treated with Sunitinib and Pazopanib (both ***p b •001), P38 treated with Sunitinib (***p b •001), and P41 treated with Sunitinib (**p = •005) were significantly different. In all cases except for P31, TEnC lumens showed decreased Histogram of the angle of orientation for F-actin fibers in NEnC lumens g) and in TEnC lumens h). Calculations were performed using 90°is the axis parallel to the lumen. Comparisons in e), f) and between g-h) were performed with Student's t-test with Welch correction after passing the Shapiro-Wilk normality test. Distributions were statistically different **p = •0091 via the Kolmogorov-Smirnov test, even though the central tendency was not found to be significantly different between distributions (p = •4460). Graphs represent mean ± SEM. At least 8 lumens and 2 different patients were used in these experiments.
sprouting after treatment when compared with DMSO control (smaller values in TEnC than NEnC). However, P31 showed a dramatic increase in sprouting for both Sunitinib and Pazopanib-treated lumens.
Likewise, only some patients-specific TEnC models responded to anti-angiogenic therapies. This fact is consistent with the heterogeneity of responses observed clinically, and the appearance of resistance to anti-angiogenic therapies [10, 46] . Additionally, the nature of the responses was heterogeneous as well. Specifically, only TEnC vessel models from patients 22 and 38 showed responses to the antiangiogenic drugs. The organotypic model for patient 22 showed a decrease in sprouting compared to vehicle control only for Sunitinib (***p N 0•0001), whereas model from patient 38 showed a decrease with both drugs, but significantly better for the model treated with Sunitinib(***p N 0•0001). These results highlight the potential of these models to evaluate each patient's response to different anti-angiogenic drugs and inform clinical decision making.
Finally, we explored the capabilities of our model to perform sample dose-response experiments, which could help prevent undesirable side-effects while ensuring drug response in patients. Responses of the lumen models to vehicle control, 10 nM, 500 nM and 1 μM of Pazopanib are shown for P31 (Fig. 4e) and P38 (Fig. 4f) . For P31 models, we observed a significant increase in sprouting following all doses of Pazopanib (**p N 0•095), whereas P38 lumen models responded to doses of 500 nM and 1 μM. Similar behavior is observed for P22 lumen models treated with Sunitinib (Fig. 4g , *p = 0•0182). However, P38 lumen models responded with a significant decrease of sprouting to all doses of Sunitinib (Fig. 4h, **p N 0 •014, ***p N 0•0001). These results provide a proof-of-concept for the evaluation of different doses of the drug of interest, which have been previously shown to play a critical role in the treatment with anti-angiogenic drugs [48] .
Discussion
Over the last decade, there has been an increase in the number of approved treatment options for metastatic renal cell carcinoma [49] , most of which are anti-angiogenic agents. However, recent literature highlights the variability of patient and tumor responses to antiangiogenic drugs. In other words, while some patients showed an excellent response to a particular anti-angiogenic drug, some others would show a poor response to the same drug [46] . Hence, there is a concomitant need for improved data to aid oncologists in choosing the drug with the highest chance of success for each individual patient. To that end, we present a patient-specific in vitro organotypic blood vessel model. To generate this model, we used patient-derived endothelial cells, from both tumor (TEnC) and normal (NEnC) tissue. In our model, TEnC vessels generated more angiogenic sprouts without the addition of exogenous angiogenic growth factors when compared to NEnCs from the same patient tissue.
Furthermore, the NEnC and TEnC biomimetic blood vessels recapitulated hallmarks of normal and tumor vasculature found in vivo. Specifically, in TEnC vessels, the cellular organization was more random, and there was an increase in the number of gaps in the endothelium. Furthermore, we showed that the biomimetic blood vessel secretion of key pro-angiogenic factors was different for TEnC and NEnC vessels and that secretion profiles were variable among patients. In all cases, TEnC vessels secreted more pro-angiogenic factors than their normal counterparts, consistently with the more sprout-bound phenotype we showed in this paper. More importantly, this system was tested as a possible clinical assay platform to inform treatment decisions. Our findings show heterogeneity in drug response of endothelial cells between different patients of a similar scope to those observed clinically [50] . Interestingly, TEnC vessels responded more favorably to anti-angiogenic drugs than NEnC vessels: for some patients, anti-angiogenic drugs increased sprouting in NEnC vessels, which similar to observations of resistance to anti-angiogenic therapies often found clinically [47] . Likewise, the response to different anti-angiogenic drugs was also different within the different patient-specific models, and among the different patient-specific models.
A possible explanation to the increased sprouting after antiangiogenic drug treatment is the presence of multiple and highly redundant mechanisms leading to increased cell motility in the angiogenic cascade. Due to the high redundancy of the cascade, and according to reported resistance mechanisms, responses to anti-angiogenic drugs can be variable [20, 21] . This scenario is consistent with our findings and with the highly variable response and a high degree of resistance to anti-angiogenics observed in the clinic [22, 23] .
Recently, scientific literature has emphasized the value of using functional endpoints to assess anti-cancer drug-responses in vitro. This high value is due to the complexity and redundancy of signaling pathways responsible for cancer hallmarks, the significance of which depends on the tumor's underlying molecular features and environment [51, 52] . Hence, the use of molecular endpoints to assess drug response of anti-cancer drugs is a non-trivial task. In contrast, the use of functional endpoints that inherently integrate in vivo processes should lead to more predictive endpoints and next-generation personalized medicine approaches. Our work in this paper leverages the use of functional endpoints to provide additional information to a clinically relevant problem that requires more attention from the scientific community. This model opens the door to future prospective studies, in which follow-up data on each patient's drug response can be accessed and compared to in vitro responses to functional assays. Ideally, an organotypic model-based functional approach would take advantage of standard-of-care tumor resection to acquire tissue and provide a personalized treatment option when the patient has recovered from surgery and can start a treatment régime. However, a limitation of this approach would be the difficulty in recreating secondary tumor sites, due to the limited size of metastases.
The microenvironment is a very complex niche that harbors many different cell types, which are known to contribute to the angiogenesis process [40] . The incorporation of many cell types complicates assays and increases the complexity of experimental design and experiments themselves. However, there is a need to understand the role that these different microenvironment components play in predicting drug response to anti-angiogenics [53] . To this end, our findings provide a platform to develop further models where a tumor can be placed next to a biomimetic blood vessel to mimic tumor angiogenesis in vitro. As well as the interaction among different cell types in the tumor microenvironment, our model holds great potential to study the diffusion and penetration of substances through the capillaries and into the tumor sites. These substances could range from glucose and nutrients to therapeutic molecules or antibodies [54] . Regarding the use of therapeutic antibodies, with immunotherapies on the rise and recently approved for treatment against RCC [55] , our model is amenable to study the efficacy of immunotherapies alone or in combination with anti-angiogenic therapies for each patient.
Many authors have reported the profound effect of shear stress induced by fluid flow in endothelial cell morphology and function [56] [57] [58] . Endothelial cells have been reported to acquire an elongated and aligned morphology in the presence of flow, as opposed to the polygonal shape they exhibit in 2D static cultures [59] . Likewise, many functional differences (e.g., vascular integrity, proliferation, mechanosensing, and homeostasis) have been reported to vary because of fluid flow, and due to flow persistence and shear stress value [60] . While the application of fluid flow is out of the scope of our paper, we have observed this morphology change in our models, after daily washes and media changes via passive pumping mechanisms. Further studies would need to be performed to determine the specific role of fluid flow in patient-derived endothelial cells in anti-angiogenic response in renal cell carcinoma. We anticipate these and further issues will be explored soon.
Overall, with this model we can move steps closer to having a patient-derived in vitro model that can complement animal models and provide predictive value to inform clinical decision. 
